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Accuracy of inlay and onlay 
restorations based on 3D 
printing or milling technique 
- a pilot study

ABSTRACT
Purpose: To evaluate and compare the accuracy of 3D printing versus CAD/CAM milling in 

the fabrication of inlay/onlay restorations based on pilot experiments. Material and methods: 
Different shaped inlay/onlay cavities were prepared on six extracted and root canal treated 
human molar teeth. Digital impressions were taken with a CEREC AC Omnicam© intraoral 
scanner. Based on the same impression data, nano-ceramic restorations were performed us-
ing milling (M group) and composite restorations (from material not for clinical use) using 
Multijet 3D printing technology (3D group). The accuracy was evaluated by measuring the 
marginal and internal gaps based on x-ray microtomography 3D imaging scans. The internal 
fit was evaluated using a replica technique with A-silicone impressions and weighing. Results: 
The 3D group restorations showed better marginal and internal fit values. The mean internal 
gap values of the 3D group restorations were 40-60% lower compared to the M group restora-
tions, the difference being statistically significant at most measuring points (p<0.05, t-test). 
Conclusions: The accuracy of the Multijet 3D printing is at least at the same level as the mill-
ing technique in the fabrication of dental inlay/onlay restorations. Additional investigations 
are needed to develop the 3D printing process and suitable materials for dental applications

INTRODUCTION
In dentistry, restorative materials are needed for repairing damage 

caused by dental caries as well as for occlusal rehabilitation. Nowadays, 
composite resins have replaced metal alloy materials and are used as a 
primary direct filling material worldwide, as they provide better aesthetics 
and are easier to use.1 On the other hand, composite resins have higher 
failure rates and risk of secondary caries compared to amalgam restora-
tions.2 Due to these shortcomings of the composite properties, and part-
ly due to the demanding techniques, the main reason for their failures 
are fractures and caries.3,4 New restoration materials and techniques are 
therefore needed, especially in the field of restorative dentistry. 

The proportion of elderly people and, correspondingly, the number of den-
tate people is continuously increasing,5 thus creating a need for the develop-
ment of long-lasting materials for dental restorations and fixed prosthodontic 
applications having good aesthetics, durability and effective cost-benefit ratio. 
One solution for manufacturing these restorations is CAD/CAM (computer-
aided design and computer-aided manufacturing) technology that includes 
both subtractive and additive manufacturing techniques. Dental CAD/CAM 
systems include digital impression and design software in the CAD phase. In 
the CAM phase, the designed prosthetic restoration is manufactured.6 
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Additive techniques, also called 3D printing techniques, may 
provide novel possibilities to overcome the challenges linked 
with the durability of dental restorations, and may be used 
to fabricate more complex restorations compared to subtrac-
tive techniques at a reasonable cost. In 3D printing, successive 
layers of material are deposited under computer control to 
create an object layer by layer. The objects, having practically 
any shape or geometry, are produced from a model or de-
sign in an electronic form. The 3D printable models may be 
created with a CAD software package.7 3D printing technology 
has already been used in dentistry for printing implant drilling 
or surgical guides and occlusal splints.8 Flügge et al.9 demon-
strated that digital impressions with the iTero© (Align Technol-
ogy, San Jose, USA) system can be combined with 3D printing 
to produce implant drilling guides. 

Good marginal and internal fit improve the prognosis of 
prosthetic restoration. Poor marginal adaptation can lead to 
gingival inflammation, increased probing depths, and bone 
resorption.10 Other biologic complications related to inlay and 
onlay restorations include recurrent decay, endodontic prob-
lems, and tooth fractures.11 Holmes et al.12 defined marginal 
gap as the perpendicular measurement from the internal sur-
face of the margin of the restoration to the outermost edge of 
the finish line of the tooth margin. Most investigators use the 
criteria of marginal gap established by McLean and von Fraun-
hofer, who concluded that a maximum of 120 mm is allowed 
for the marginal gap opening.13 Values between the range 50 
and 200 mm have been reported, with the absence of any ob-
jectively accepted threshold.14 Furthermore, adequate inter-
nal fit is important in regard to the durability of restorations, 
and internal gaps smaller than 122 μm have been reported to 
increase the fracture strength of ceramic restorations.15 

3D printing may enable higher restoration accuracy com-
pared to subtractive manufacturing techniques, where accu-
racy is limited by the milling unit and machining tools. Another 
benefit is its low material loss.16 The 3D printing process is fast 
and in future, likely to be used chairside at the dental office. 
The aim of the present study was to compare the accuracy 
of dental restorations prepared using the 3D printing tech-
nique to those manufactured with the subtractive technique. 
The applicability of the digital intraoral impression technique 
for 3D printing was also evaluated. The hypothesis was that 
modern 3D printing provides at least as good accuracy as sub-
tractive manufacturing in the manufacture of dental inlay and 
onlay restorations. Only few studies addressing the possibili-
ties of 3D printing in dental restoration manufacture exist in 
the current literature.17-18

Material and methods
Six extracted human third molar teeth were randomly col-

lected at the Dental Teaching Clinic of Kuopio University Hos-
pital. Before use, the teeth were disinfected using a chlora-

mine T solution and stored in refrigerated state. The teeth 
were root canal treated, and all soft tissues were removed. 
For each tooth, a core-build up was made with Paracore© (Col-
tene, Altstätten, Switzerland). Inlay/onlay cavities of different 
shapes and forms were prepared on six teeth according to 
CEREC© (Sirona Dental system GmBH, Bensheim, Germany) 
preparation guidelines. Pulpal floors of the cavities were pre-
pared flat, and inner angles were rounded and smoothened 
with fine diamond burs using water spray cooling. The resto-
rations and their approximate dimensions are presented in 
Figure 1. Digital impressions were taken of each tooth with 
the CEREC AC Omnicam© digital impression system. For digi-
tal copying, the teeth were inserted into Affinis© (Coltene, 
Altstätten, Switzerland) putty blocks. The prepared tooth was 
inserted in the middle of the block and one extracted and un-
prepared tooth was inserted adjacently on each side of the 
prepared tooth (Figure 2). For each prepared tooth, a separate 
block was formed, which made up a total of six blocks (n=6). 
The opposing bite was formed in the same way, except that 
all three teeth were left unprepared in the block. The same 
opposite tooth block was used in all impressions. The digital 
impressions were captured according to the manufacturer’s 
guidelines. During impressions the blocks were held on a 
flat table. First, the block containing the prepared tooth was 
scanned. After that, the opposite tooth block was scanned, 
and finally, the occlusion was formed and captured, inserting 
the prepared and unprepared tooth block on top of each oth-
er in steady state. Based on the hardware display screen, all 
of the details of the cavities and the surfaces of the adjacent 
teeth were clearly captured, and no undercuts were detected. 
The impression process is presented in Figure 3. The digital 
impression data was transferred from CEREC© 4.4 software to 
CEREC© inLab SW 15.0 CAD software. The CAD process was 
carried out in this software using the same digital impression 
data and marginal design for both manufacturing groups. 
After the design for the M group restorations, the CAD files 
were transferred to CEREC© 4.4 software and the data was 
sent to the milling unit. Restorations were milled using the 
CEREC MC XL© inLab milling unit from the Lava Ultimate© (3M 
ESPE, St. Paul, USA) A2-LT/14L blocks. The milling was done 
according to manufacturer’s recommendations. For the 3D 
group restorations, the CAD data was saved in STL file for-
mat in the CEREC© inLab SW 15.0 CAD software. The STL files 
were not modified before printing. The 3D group restorations 
were manufactured with a Projet 3500 HDMAX© (3D Systems, 
Rock Hill, USA) Multijet 3D printer using Visijet M3 Crystal© 
(3D Systems, Rock Hill, USA) photopolymer material hardened 
with UV light and 0.016 mm layer thickness (not an approved 
permanent restoration product). The support material for the 
printing was Visijet S300© (3D Systems, Rock Hill, USA), the 
printing orientation was vertical, and the resolution was 750 x 
750 x 1600 DPI. The material is Class VI capable for approved 
medical applications.
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Figure 2:  Representation of the teeth and putty block set-up. 
For digital copying, the teeth were inserted into putty blocks.

The accuracy of the M and 3D group restorations was evalu-
ated and compared using linear measurements based on x-
ray microtomography (micro-CT scans), n=6 per group. The 
teeth with the restorations were scanned with a desktop Sky-
Scan© (Bruker microCT, Kontich, Belgium) 1172 µCT scanner. 
Each restoration was fixed in the tooth with an adhesive tape 
and a light compression cushion. There was just an air layer 
between the tooth and the restoration, with no cement layer. 
Scanning was performed at 100 kVp voltage and 100 mA cur-
rent. An Al+Cu filter was used to remove low energy X-rays. 
The rotation step was set to 0.40 degrees and a 180 degree 
rotation scanning procedure was performed. The long axis 
of the tooth was perpendicular to the imaging X-ray beam. 
The images had 2000 x 1048 pixels and a resolution of 7 µm. 

Figure 1: The shape and approximate dimensions of the restorations made with milling and 3D printing.
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After scanning, for comparison of restorations, the orienta-
tion of the images was aligned using alignment marks marked 
on each tooth in silver paint. Multiple cross-sectional images 
were obtained using the Data Viewer© software (Bruker mi-
croCT, Kontich, Belgium). The correct position of the restora-
tions was confirmed from the micro-CT images by observing 
at least three contact points between the restoration and the 
tooth (zero gap). Marginal and internal gaps were measured 
from mesio-distal sections at the same location in each resto-
ration using the measurement points presented in Figure 4. 
Each linear measurement was repeated five times.

The average gap between the restorations and the teeth was 
evaluated using Affinis© light body low viscosity A-silicone. A 
replica technique was used for the measurements because it 
has been successfully used in earlier studies.14,19-20 The cavities 
were filled with the impression material, and the restorations 
were pressed onto their corresponding preparation. The im-
pression material used in the measurements had a very low 
viscosity. Finger pressure was applied on the occlusal surface 
of the restoration until it came into contact with the tooth. The 
restorations were held in place with maximum finger pres-
sure for 2 minutes, which is the total working time for the im-
pression material. Upon contact with the surfaces, the silicone 
was translucently thin and excess material squeezed off. The 
excess impression material was removed from the outer lines 
using a surgical knife. Thereafter, the restoration and the im-
pression material were carefully removed. Each gap measure-
ment with the impression material was repeated three times; 
standard deviations are reported in Figure 5. The standard 
deviations in the measurements were low, indicating a good 
reproducibility of the technique. The impression material was 
weighed with the XSE analytical balance© (Mettler Toledo, Co-
lumbus, USA) 0.01 mg precision scale.

Statistical methods
The mean values and standard deviations for the marginal 

and internal fit were calculated based on micro-CT measure-
ments at each measuring point as well as the weight of the 
impression material. The statistical differences between the 
M and 3D group micro-CT measurements were analyzed using 
the Wilcoxon signed rank test. The statistically significant level 
was set at p<0.05. Statistical analyses were performed using 
IBM SPSS Statistics (version 21.0).

Results
The mean marginal and internal gap values obtained from 

the micro-CT measurements are presented in Table 1. The 3D 
group restorations had significantly lower marginal and inter-
nal gap values at all measurement points. The average weight 
values of gap replicas are presented in Figure 5. The internal 
fit of the 3D group restorations was 40–60% better compared 
to the M group restorations made using the milling technique.

Discussion
In the present study, the marginal and internal fit of the 3D 

group inlay and onlay restorations seemed to be better than 
those of the M group restorations. The M group restorations 
showed higher threshold values at measuring points 1 and 7 
than generally accepted. This is likely to be a result of imprecise 
fit of the teeth 5 and 6 MOD restorations, which is seen in Table 
1 and Figure 5. The result may indicate that these cavity forms 
are not optimal for the milling technique. Furthermore, each 
manufacturing phase including tooth preparation, impression 
capturing and technique, and CAD process can affect the fit of 
the final restoration. In addition, micro-CT measurements for 
each restoration were determined from one mesio-distal sec-
tion, which might not represent the fit in other sections or planes. 

Figure 3: Schematic drawing of the impression process. In Phase 1, the prepared tooth block was scanned, which included one of 
the six prepared cavities in the middle of the block. In Phase 2, the opposite tooth block was scanned, and in Phase 3, the occlusion 
was captured. In total, there were 6 different Phase 1 tooth blocks including different shape cavities (n=6), and the described scan-
ning procedure was repeated for each block.
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However, exactly the same digital impressions, marginal design, 
and fit analysis were used for both the M and 3D manufactur-
ing group, and the results indicate that 3D printing may offer a 
solution for these challenging cavity forms. The accuracy of the 
3D group restorations proved to be better compared to the M 
group restorations at all measuring points and different shapes 
and form of cavities. This may indicate that 3D printed restora-
tions are not so sensitive to cavity preparation guidelines, and 
more accurate complex shape restorations can be manufactured 
using the additive manufacturing technique compared to the 
subtractive milling technique. More studies with larger numbers 
of different kind of teeth and cavities are needed to confirm the 
findings before drawing definite conclusions. There are some un-
certainties related to the techniques which should be noted when 
comparing the results between the studies. These include, for ex-
ample, differing stiffness of the restoration materials, viscosity of 
the impression material at the time of placement, and the pres-
sure applied. However, exactly the same procedures were used 
here for both study groups, and both techniques provided data 

with good reproducibility and consistence. In addition, the Visi-
jet M3 Crystal© photopolymer material used in the present study 
was not approved for permanent restorations, but it was chosen 
because it provides high detail accuracy for the Multijet 3D print-
ing. In the present study, the object was to optimize the manu-
facturing accuracy of dental inlay and onlay restorations using 
the additive manufacturing technique, but the biocompatibility 
of the 3D printed restoration materials still needs development 
and further studies. The printing accuracy depends on the mate-
rials and parameters used. Most earlier studies have focused on 
resin printing. For example, printing orientation and resin color 
affect the printing accuracy, which is partly due to laser light in-
tensity, and samples printed at 90° orientation using white resin 
color had proven to be the optimal combination.21 The effect of 
manufacturing parameters on the dimensional accuracy of 3D 
printed crowns manufactured using stereolithography 3D print-
ing technique was evaluated in another study. The researchers 
concluded that a build angle of 120° combined with a thin sup-
port type provided the highest dimensional accuracy values.22 

Figure 4: The accuracy of composite resin restorations made with milling and 3D printing was 
evaluated using linear measurements based on micro-CT scans in mesio-distal sections. 
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Table 1. Mean values of marginal and internal gap measurements in the mesio-distal sections at different measuring points (Fig. 
3), based on micro-CT scans (µm).

Measuring point* Number of teeth
M group

(µm)
3D group

(µm)
p value

1 6 166±67 68±23 0.028**

2 6 297±73 95±60 0.028**

3 6 277±74 80±45 0.028**

4 6 310±78 102±51 0.028**

5 6 86±27 54±22 0.046**

6 2 362±137 77±74 0.180

7 2 509±126 182±222 0.180

* Each linear measurement was repeated five times.
**Indicates statistically significant difference, p<0.05.

Figure 5: Comparison of replica weights and standard deviations between the restorations and abutment tooth. In each case, 
there were three parallel independent measurements, n=3 (mg, M group=milled restorations, 3D group=3D printed restorations).
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A study by Molinero-Mourelle et al.23 reported clinically accept-
able marginal fit values for provisional crowns manufactured us-
ing fused deposit modeling 3D printing technique and Polylactic 
acid material, which is a thermoplastic biopolymer commonly 
used in FDM printers. In conclusion, high printing accuracy can 
be achieved when the CAD model is sliced in very thinly slices 
and the printed layer thickness is minimized. In turn, thicker lay-
ers can be used for cost-effective production and to accelerate 
the manufacturing process, but this results in poor surface finish 
and visible staircasing.24 Only few studies exist in the literature 
regarding the possibilities of 3D printing in the manufacture of 
dental restorations. Eftekhar Ashtiani et al.17 reported that the 
onlay restorations manufactured by conventional impression 
and conventional fabrication proved to be more accurate than 
3D printed onlay restorations, although the fit was clinically ac-
ceptable in both manufacturing groups. In their study, the Micro 
plus Hi-Res© (Envision TEC, Detroit, Michican, USA) 3D printer 
was used, which probably influenced the results because the 
technique and equipment have a significant impact on the print-
ing accuracy. In contrast, the results of the present study seem 
to be promising, as has also been seen in previous studies. A 
study by Revilla-León et al.25 reported clinically acceptable mar-
ginal and internal gaps (<100 µm) for handmade, milled, and 
3D printed wax patterns for lithium disilicate onlay restora-
tions, although the best fit was found for the handmade group. 
Dental copings manufactured using direct metal laser sintering 
3D printing technique showed superior marginal and internal 
accuracy compared to subtractive techniques. In addition to a 
better fit, the additive manufacturing technique provides cost-
effectiveness in production and can increase the longevity of 
teeth and prostheses thanks to improved fit.26 Other benefits 
related to additive manufacturing techniques include the speed 
of the manufacturing processes, although the cost of the tech-
nique remains its main shortcoming.27

Very few studies exist in the literature concerning 3D printing 
accuracy in other dental applications than restoration manufac-
turing. For example, in orthodontics, dental models are used for 
treatment planning. The mechanical properties and dimensions 
of 3D printed orthodontic models have proven to be clinically ac-
ceptable.28 Lee et al.29 investigated the accuracy of 3D printing for 
manufacturing replica teeth. In their study, digital impressions 
were taken from fifty extracted molar teeth, and replica teeth 
were manufactured using FDM (fused deposition modeling) and 
PolyJet technology. Based on the measurements, replica teeth 
manufactured using FDM tended to be slightly smaller, whereas 
replicas manufactured by PolyJet tended to be slightly larger than 
the extracted teeth. An in vitro study by Mai et al.18 evaluated the 
fit of interim crowns fabricated using photopolymer-jetting 3D 
printing. They reported that 3D printed crowns were more accu-
rate in the occlusal region compared to milled crowns and ones 
manufactured with compression moulding methods. Chen et al.30 
conducted an in vitro study of patient-specific implant dentistry 
and 3D printed customized implants. They showed that the la-
ser melting 3D printing technique is an efficient way of printing 
fully dense customized implants with high strength and adequate 
dimensional accuracy. A case report by Revilla León et al.31 de-
scribed successful use of selective laser melting and electron 
beam melting 3D printing techniques in the fabrication of metal 

frameworks of the implant-supported fixed dental prostheses 
(FDPs) for the rehabilitation of occlusion in edentulous patient.

In dentistry, CAD/CAM technology has been used since the 
1980s.32 The fit of inlay and onlay restorations fabricated using den-
tal CAD/CAM systems are widely reported to be clinically accept-
able. Guess et al.33 evaluated the marginal and internal fit of heat-
pressed versus CAD/CAM fabricated ceramic onlays in 72 teeth. 
Restorations manufactured with CEREC© inLab 3D Software V3.01 
had marginal gaps less than 100 mm. Keshvad et al.34 conducted 
an in vitro study to evaluate the marginal gap of leucite-reinforced 
ceramic inlays fabricated with the CEREC© inLab system and the 
hot-pressed technique. In their study, all reported marginal gaps 
were clinically acceptable and less than 100 mm. The accuracy of 
digital impression techniques for fabrication of crowns and short 
FDPs has proven to be clinically acceptable.35 Based on mainly in 
vitro studies,36 the digital impression technique is sometimes re-
ported to be even more accurate than conventional impressions 
for fixed prosthodontics fabrication. Wesemann et al.37 studied the 
accuracy and efficiency of full-arch digitalization and 3D printing. 
They concluded that for prosthodontic use, the scanning scope 
should be less than one quadrant and three teeth. Based on those 
findings, the accuracy of digital impressions should be appropriate 
to be used for dental inlay and onlay restoration manufacture with 
the 3D printing technique.

In this study, the studied teeth were precisely prepared by an 
experienced clinician according to the preparation guidelines of 
the CEREC© CAD/CAM system. There were no undercuts or tight 
corners, and minimum material thickness was ensured. The digi-
tal impression was carefully captured: all details of the cavities 
and all surfaces of the adjacent teeth were accurately copied. Al-
though the same digital impressions and marginal design were 
used for both milled and 3D printed restorations, the accuracy 
of the final restoration might decrease in the manufacturing pro-
cess. The accuracy of the milled restorations might decrease due 
to data transfer from the CEREC© 4.4 software to the CEREC© in-
Lab SW 15.0 CAD software because in chairside use, these op-
erations are not needed, and the data might be affected during 
export. Similarly, the file format transfer to the STL format might 
influence the accuracy of the 3D group restorations. In the pre-
sent study, a µCT device was selected for marginal and internal 
fit measurements because it provides high resolution data at the 
micrometer scale,15 and a resolution of about 7µm was chosen, 
allowing quantitative comparisons of fit in different locations. This 
technique is generally recommended and has been used by other 
investigators for marginal and internal gap measurements.38-42 In 
addition, image analysis might influence the final results. Micro-
CT section images are inaccurate if two materials have similar 
density. Therefore, it is difficult to determine the exact point of 
interface of the restoration and the tooth.42 The Replica technique 
was used for average gap measurements besides micro-CT meas-
urements because a combination of two measurement methods 
is recommended for FDPs’ marginal adaptation measurements.43 
The replica technique gives the average fit but not the local vari-
ation, which is an additional reason why micro-CT imaging was 
used: to enable measurement at distinct points. The mean inter-
nal gap could also be calculated by converting the DICOM data 
from micro-CT to the 3D reconstruction image, and afterwards, 
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by segmenting the gap space and calculating the space using spe-
cialized software, but the replica technique was chosen due to 
its proven track record of successful and reliable use in earlier 
studies.14, 19-20 On the other hand, using maximum finger pres-
sure for replica measurements is not the optimal methodology 
used for internal gap measurements as the results could depend 
on the non-constant pressure force. This should be considered 
when the results are compared. The number of the studied res-
torations was relatively low because the present study was a pre-
liminary study to evaluate the accuracy of the Multijet 3D printing 
used in fabrication of inlay/onlay restorations; consequently, no 
strong conclusions can be drawn. Despite this, the marginal and 
internal fit of the 3D printed inlay and onlay restorations proved 
to be at least at the same level as that of restorations manufac-
tured using the milling technique. This indicates that compared 
to milling, more complex restorations can be manufactured. In 
addition, the 3D printing technique does not have the same con-
straints as the subtractive milling technique. The accuracy of the 
printed restorations is not limited to the milling unit’s machining 
tools, and the material options used in this technique are wider. 
Furthermore, any systemic differences between the model and 
the printed restoration can be easily corrected during printing. 
In turn, compared to milling systems which have shown their 
potential in clinical use over a few decades, there are currently 
no commercially available 3D printing materials or manufactur-
ing systems approved for permanent dental restorations manu-
facturing, which must be taken into account when assessing the 
possibilities of additive manufacturing in the field of restorative 
dentistry. Further studies are needed to develop the dental 3D 
printing process and, especially, the materials for permanent res-
torations.

Conclusions
Within the limitation of the present study, the following con-

clusions can be withdrawn: 

1.	The accuracy of Multijet 3D printing is at least at the same 
level as that of milling technique in the fabrication of 
dental inlay and onlay restorations. Due to the relatively 
low number of studied restorations, the results can be 
regarded as preliminary, and additional investigations 
are needed to confirm these findings using a larger set of 
specimens. 

2.	Additional studies are needed to improve the 3D printing 
process for dental applications, especially with regard to 
finding suitable materials for biocompatible and long-last-
ing restorations. 
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9.	 Flügge, T.V., Nelson, K., Schmelzeisen, R., Metzger, M.C. Three-dimen-
sional plotting and printing of an implant drilling guide: simplifying 
guided implant surgery. J. Oral. Maxillofac. Surg., 2013;71:1340-1346.

10.	Knoernschild, K.L., and Campbell, S.D. Periodontal tissue responses 
after insertion of artificial crowns and fixed partial dentures. J Prosthet 
Dent., 2000;84:492-498.

p63



European Journal of Prosthodontics and Restorative Dentistry (2019) 27,  56–64

• • • • • • • • • • • • • • • • • • • • • • • • • • Accuracy of Dental Restorations Based on 3D Printing/Milling

11.	Vagropoulou, G.I., Klifopoulou, G.L., Vlahou, S.G., Hirayama, H., Micha-
lakis, K. Complications and survival rates of inlays and onlays vs com-
plete coverage restorations: A systematic review and analysis of stud-
ies. J. Oral. Rehabil., 2018;45:903-920.

12.	Holmes, J.R., Bayne, S.C., Holland, G.A., Sulik, W.D. Considerations in 
measurement of marginal fit. J. Prosthet. Dent., 1989;62:405-408.

13.	McLean, J.W. and Von Fraunhofer, J.A. The estimation of cement film 
thickness by an in vivo technique. Br. Dent. J., 1971;131:107-111.

14.	Zarauz, C., Valverde, A., Martinez-Rus, F., Hassan, B., Pradies, G. 
Clinical evaluation comparing the fit of all-ceramic crowns obtained 
from silicone and digital intraoral impressions. Clin. Oral. Investig., 
2016;20:799-806.

15.	Pimenta, M.A., Frasca, L.C., Lopes, R., Rivaldo, E. Evaluation of mar-
ginal and internal fit of ceramic and metallic crown copings using 
x-ray microtomography (micro-CT) technology. J. Prosthet. Dent., 
2015;114:223-228.

16.	Alharbi, N., Wismeijer, D., and Osman, R.B. Additive Manufacturing 
Techniques in Prosthodontics: Where Do We Currently Stand? A Criti-
cal Review. Int. J. Prosthodont., 2017;30:474-484.

17.	Eftekhar Ashtiani, R., Nasiri Khanlar, L., Mahshid, M., Moshaver-
inia, A. Comparison of dimensional accuracy of conventionally and 
digitally manufactured intracoronal restorations. J. Prosthet. Dent., 
2017;119:233-238. 

18.	Mai, H.N., Lee, K.B., and Lee, D.H. Fit of interim crowns fabricated using 
photopolymer-jetting 3D printing. J. Prosthet. Dent., 2017;118:208-215.

19.	Syrek, A., Reich, G., Ranftl, D., Klein, C., Cerny, B., Brodesser, J. Clinical 
evaluation of all-ceramic crowns fabricated from intraoral digital im-
pressions based on the principle of active wavefront sampling. J. Dent., 
2010;38:553-559.

20.	Nakamura, T., Dei, N., Kojima, T., Wakabayashi, K. Marginal and inter-
nal fit of Cerec 3 CAD/CAM all-ceramic crowns. Int. J. Prosthodont., 
2003;16:244-248.

21.	Tahayeri, A., Morgan, M., Fugolin, A.P., et al. 3D printed versus con-
ventionally cured provisional crown and bridge dental materials. Dent. 
Mater., 2018;34:192-200.

22.	Alharbi, N., Osman, R.B., and Wismeijer, D. Factors Influencing the Di-
mensional Accuracy of 3D-Printed Full-Coverage Dental Restorations 
Using Stereolithography Technology. Int. J. Prosthodont., 2016;29:503-
510.

23.	Molinero-Mourelle, P., Canals, S., Gomez-Polo, M., Solá-Ruiz, M.F., Del 
Río Highsmith, J., Viñuela, A.C. Polylactic Acid as a Material for Three-
Dimensional Printing of Provisional Restorations. Int. J. Prosthodont., 
2018;31:349-350.

24.	Mohan Pandey, P., Venkata Reddy, N., and Dhande, S.G. Slicing pro- 
cedures in layered manufacturing: A review. Rapid. Prototyp. J., 
2003;9:274-288.

25.	Revilla-León, M., Olea-Vielba, M., Esteso-Saiz, A., Martínez-Klemm, I., 
Özcan, M. Marginal and Internal Gap of Handmade, Milled and 3D 
Printed Additive Manufactured Patterns for Pressed Lithium Disilicate 
Onlay Restorations. Eur. J. Prosthodont. Restor. Dent., 2018;26:31-38.

26.	Nelson, N., K, SJ., and Sunny, K. Marginal Accuracy and Internal Fit of 
Dental Copings Fabricated by Modern Additive and Subtractive Digital 
Technologies. Eur. J. Prosthodont. Restor. Dent., 2017;25:20-25.

27.	Alifui-Segbaya, F., Williams, R.J., and George, R. Additive Manufacturing: 
A Novel Method for Fabricating Cobalt-Chromium Removable Partial 
Denture Frameworks. Eur. J. Prosthodont. Restor. Dent., 2017;25:73-
78.

28.	Ledingham, A.D., English, J.D., Akyalcin, S., Cozad, B.E., Ontiveros, 
J.C., Kasper, F.K. Accuracy and mechanical properties of orthodontic 
models printed 3-dimensionally from calcium sulfate before and after 
various postprinting treatments. Am. J. Orthod. Dentofacial. Orthop., 
2016;150:1056-1062.

29.	Lee, K.Y., Cho, J.W., Chang, N.Y., et al. Accuracy of three-dimensional 
printing for manufacturing replica teeth. Korean. J. Orthod., 2015; 
45:217-225.

30.	Chen, J., Zhang, Z., Chen, X., Zhang, C., Zhang, G., Xu, Z. Design and 
manufacture of customized dental implants by using reverse engi-
neering and selective laser melting technology. J. Prosthet. Dent., 
2014;112:1088-1095.

31.	Revilla León, M., Klemm, I.M., Garcia-Arranz, J., Özcan, M. 3D Metal 
Printing - Additive Manufacturing Technologies for Frameworks of Im-
plant-Borne Fixed Dental Prosthesis. Eur. J. Prosthodont. Restor. Dent., 
2017;25:143-147.

32.	Dahl, B.E. and Ronøld, H.J. Digital impressions. Finnish. Dent. J., 
2014;4:32-38.

33.	Guess, P.C., Vagkopoulou, T., Zhang, Y., Wolkewitz, M., Strub, J.R. Mar-
ginal and internal fit of heat pressed versus CAD/CAM fabricated all-
ceramic onlays after exposure to thermo-mechanical fatigue. J. Dent., 
2014;42:199-209.

34.	Keshvad, A., Hooshmand, T., Asefzadeh, F., Khalilinejad, F., Alihemmati, 
M., Van Noort, R. Marginal gap, internal fit, and fracture load of leucite-
reinforced ceramic inlays fabricated by CEREC inLab and hot-pressed 
techniques. J. Prosthodont., 2011;20:535-540.

35.	Ahlholm, P., Sipilä, K., Vallittu, P., Jakonen, M., Kotiranta, U. Digital 
versus conventional impressions in fixed prosthodontics: A review. J. 
Prosthodont., 2018;27:35-41.

36.	Chochlidakis, K.M., Papaspyridakos, P., Geminiani, A., Chen, C.J., Feng, 
I.J., Ercoli, C. Digital versus conventional impressions for fixed pros-
thodontics: A systematic review and meta-analysis. J. Prosthet. Dent., 
2016;116:184-190.

37.	Wesemann, C., Muallah, J., Mah, J., Bumann, A. Accuracy and efficiency 
of full-arch digitalization and 3D printing: A comparison between desk-
top model scanners, an intraoral scanner, a CBCT model scan, and ste-
reolithographic 3D printing. Quintessence. Int., 2017;48:41-50.

38.	Alajaji, N.K., Bardwell, D., Finkelman, M., Ali, A. Micro-CT Evaluation of 
Ceramic Inlays: Comparison of the Marginal and Internal Fit of Five 
and Three Axis CAM Systems with a Heat Press Technique. J. Esthet. 
Restor. Dent., 2017;29:49-58.

39.	Demir, N., Ozturk, A.N., and Malkoc, M.A. Evaluation of the marginal fit 
of full ceramic crowns by the microcomputed tomography (micro-CT) 
technique. Eur. J. Dent., 2014;8:437-444.

40.	Pelekanos, S., Koumanou, M., Koutayas, S.O., Zinelis, S., Eliades, G. 
Micro-CT evaluation of the marginal fit of different In-Ceram alumina 
copings. Eur. J. Esthet. Dent., 2009;4:278-292.

41.	Kim, J.H., Cho, B.H., Lee, J.H., et al. Influence of preparation design on 
fit and ceramic thickness of CEREC 3 partial ceramic crowns after ce-
mentation. Acta. Odontol. Scand., 2015;73:107-113.

42.	Seo, D., Yi, Y., and Roh, B. The effect of preparation designs on the 
marginal and internal gaps in Cerec3 partial ceramic crowns. J. Dent., 
2009;37:374-382.

43.	Nawafleh, N.A., Mack, F., Evans, J., Mackay, J., Hatamleh, M.M. Accuracy 
and reliability of methods to measure marginal adaptation of crowns 
and FDPs: a literature review. J. Prosthodont., 2013;22:419-428.

p64


